the Earth is essential since the Sun affects almost every aspect of our lives. Direct observations of the Sun, usually of sunspots, with some continuity, exist only since about 1700. Understanding of long-term solar variability must then depend on proxy data, such as visual auroral observations, measurements of magnetic activity, and the radiocarbon record. These also give us information on the interaction between the solar wind, the interplanetary field, and the terrestrial magnetosphere, as well as, for the radiocarbon record, hellospheric conditions. This paper uses a data base of visual auroral observations for a period of about 500 years, from 1450 to 1948, comprising about 45,000 observations, in addition to the well-known sunspot series and the magnetic activity index aa, from 1868 to 1990. The secular variation of the aurora is examined and compared, where possible, to sunspot data and magnetic activity data. Blackman-Tukey power spectra are used to determine periodicities. The study confirms the variability of the periodicities in both frequency and amplitude. In particular, the well-known 11.l-year cycle disappears during the Maunder minimum and at the end of the eighteenth and beginning of the nineteenth century. While the 11.l-year period is normally strongly dominant for sunspots, other shorter periods become important, and even dominant, for auroras and magnetic activity. Consequently, the temporal behavior of these three variables differs. 
the 11.l-year period is normally strongly dominant for sunspots, other shorter periods become important, and even dominant, for auroras and magnetic activity. Consequently, the temporal behavior of these three variables differs. Prolonged solar activity minima are clearly evident. In addition to the known Sptrer, Maunder, Dalton, and 1901-1913 minima, a previously unrecognized minimum about 1765 is clearly evident in the data. Comparison of the depth of these minima shows that the Dalton minimum may be the deepest, or at least rivals the Maunder minimum in importance. This minimum clearly deserves further study. Combining the polar data base with that of mid-latitudes provides for the first time a globally comprehensive historical record of auroral occurrence. The data provide confirmation of the anticorrelation of auroral occurrence in the polar regions with sunspot activity, as a result of displacement of the auroral oval with changes in solar and magnetic activity. Assuming the validity of some current models of the solar origin of geomagnetic activity, the data provide a basis for understanding the variation over time of the general magnetic field of the Sun, in particular the polar field.
INTRODUCTION
Life on the Earth depends on the Sun. This simple statement disguises a considerably complex situation. The Sun itself shows a degree of variability. This is evident in observational measures such as visual and telescopic obser-back to the end of the eighteenth centuD; with a gap during the prolonged solar minimum at the beginning of the nineteenth century. In more recent years, measures of disturbance have been used, dependent on the range of variation of magnetic intensity (for a description and discussion of these measures, see Mayaud [1980] ). A self-consistent, homogeneous set of indices, the aa, was derived by Mayaud [ 1973] for the years The best known time series reflecting solar activity is that of sunspot number (Figure 1) McKinnon, 1987] . The sunspot number, over the interval 1700 to 1985, shows a variation with a period, at least since 1826, of about 11 years. Modulations with much longer times are also evident. In particular, we find prolonged solar activity minima around the beginnings of each century, which can be related to a period of the order of 88 years [Feynman and Fougere, 1984] . A characteristic of this series is that the minima of the sunspot numbers are always less than about 12, generally much smaller than this, and that these minima are always less than the lowest maximum. In contrast to this, magnetic activity and auroral occurrence can show long trends in which the minima may be greater than many of the shorter-term maxima. One example of this is shown in Figure 2 , where the aa index is shown for the interval 1868-1990. During the period subsequent to 1901 the envelope of both minima and maxima shows a continuing upward trend. A consistent set of magnetic data prior to 1868 is not available, so the overall behavior for the nineteenth century cannot be determined. Auroral observations can be used, with appropriate caveats, for periods of centuries or, to some extent, for millennia. This paper considers auroral variations for the past 500 years. The auroral oval, the geographic region of maximum auroral occurrence, serves as a useful dividing line for discussion. The oval reflects the region in which the Earth's magnetic field shifts from closed to open lines. The polar aurora (the aurora of the oval and that within the polar cap, that is, poleward of the oval) is behaviorally different from that at latitudes equatorward of the oval. Most, but not all, data equatorward of the oval consist of observations at geographic latitudes south of about 55 ø . This region, generally, will be considered as mid-latitudes in this paper.
Mid-Latitudes
Because of the lower population density at high latitudes, observations of the aurora prior to the nineteenth century occur primarily in mid-latitudes, with occasional references to low-latitude observations. The aurora was noted as a phenomenon in the classical works of Aristotle and Pliny, though only descriptions of these "meteors" (that is, atmospheric phenomena) are presented, and the possibility of confusion with other atmospheric phenomena, such as bright airglow nights, exists [Silverman, 1962] . Observations of atmospheric phenomena which can be identified as auroras occur in histories and chronicles over several millennia in both Europe and Asia. Splendid or magnificent auroras were often noted as omens or portents, and records of these auroras consequently survived in histories.
The study of the aurora as a distinct natural phenomenon was resurrected with the development of science in the renaissance. Tycho Brahe noted the presence of "chasmata," the Aristotelian term, at the end of the sixteenth century, in connection with his astronomical observations. Many observations of the aurora can be found in the popular literature at the end of the sixteenth century, especially in the ephemera, popular news sheets describing individual special events, which followed after the development of the printing press. The last half of the seventeenth century saw a marked reduction, though not a complete absence, of auroral observations. In England, for example, Halley noted, in 1716, that no display of aurora had been noted there since 1574. The auroras of the early eighteenth century may be considered as the origin of modern auroral studies. Discussions of the early history of the aurora may be found in the works by Siscoe [1980] , Eather [1980] , and Brekke and Egeland [1983] .
The return of the aurora to mid-latitudes led de Mairan
[1733] (enlarged second edition in 1754) in his seminal work on the subject to the question of long-term variations of the aurora. In his initial catalog of auroral occurrences over the previous millennia he noted a number of "reprises," returns, or resumptions of the aurora over this period. Siscoe [1980] has summarized a number of the studies that searched for periodicities in auroral occurrence. Thus, for example, Hansteen in 1831 inferred a period of 95 years; Olmsted in 1856 gave 60 to 65 years as the intervals between great auroras; and Wolf and Fritz preferred a period of about 55 years. Other work also indicated periods in the region of 80-90 years [see Feynrnan and Fougere, 1984] , and even periods as long as 200 or 400 years. With the recognition of the sunspot cycle of 11.1 years, about 1840, this period was also looked for and found in the auroral data. I note parenthetically that Ritter [ 1803] had noted an apparent periodicity in eighteenth century auroral data of between 9 and 10 years, which he related to the 182/3 year lunar period. A connection to this lunar period had earlier been suggested by Hoslin in 1784 [Fritz, 1881, p. 117] and remarked on by B6ckmann [1801]. A 9-10 year period is consistent with one of the periods derived a century later by Schuster [1906] for sunspots. I will note that the term "periods" must be treated with caution, since the data, both for auroras and sunspots, show significant variation in both period and amplitude over time [see Silverman, 1989] . Similar variations in period and amplitude are found for long solar periods in the radiocarbon record [Sonett, 1984; Sonett and Finney, 1990] . Scientists around the turn of the nineteenth century were busy looking for connections between aurora, weather, meteors, astronomical positions, and just about everything else. Siscoe's [1980] review focused on the longer-term variability of the aurora as derived from observations over several millennia in both Europe and Asia and the conclusions that could be drawn from these as to solar variability. Because of the absence of detailed solar data prior to about the eighteenth century, proxy data must be used for studies of early solar variability. Auroral data are often used for this purpose, though it must be remembered that there are differences between the two data sets. This will be shown in more detail later.
In the present paper I consider only the past 500 years, 336 ß Silverman: SECULAR VARIATION OF THE AURORA 30, 4 / REVIEWS OF GEOPHYSICS from 1500 to the present, the interval for which a reasonable number of observations are available, with a passing reference to observations from 1450 to 1500.
Polar Regions
The concept of the auroral oval, that is, a region of the globe with a maximum of auroral occurrence, cannot be defined in simple terms nor can it be confined at all times to only one region. The position of the oval is at higher latitudes on the dayside than on the nightside (see, for example, Lassen et al. [1988] for a brief review of this and succeeding distinctions). Thus some stations may be equatorward of the oval, in the oval, or poleward of the oval, depending on the time of day. Furthermore, the oval may look different depending on whether we are using visual observations, spectral observations at 391.4 nm, 557.7 m, 630.0 m, or some other spectral region, or measurements of electron or ion precipitation. The oval moves equatorward with increasing magnetic activity (for statistical summaries of this variation for electron precipitation, see Hardy and Gussenhoven [1985] , and for ion precipitation, see Hardy et al. [1989] All together, for mid-latitudes and the polar regions, about 45,000 records were used in the preparation of this paper.
Counting Auroral Occurrence
The basic datum in these analyses is the number of days on which aurora was observed in a given time interval, usually months or years, without regard to the number of locations or observers reporting an aurora. Hence if several observers at several different locations reported an aurora on a given day, only one aurora is counted for that day. By combining the mid-latitude time series we obtain a sequence of data for almost 500 years, which can be examined as a whole or in segments. The time series will be examined for periodicities using Blackman-Tukey power spectra [see Silverman and Shapiro, 1983] . The significance of peaks can be estimated by taking the ratio of the peak to the estimated continuum. The 5% level is at a ratio of 3.0 for lags of 3000 and 1200, at 2.6 for a lag of 900, and at 2.4 for a lag of 600 (the values used in the figures shown here). The 1% level is at a ratio of 4.6 for lags of 3000 and 1200, at 3.8 for a lag of 900, and 3.3 for a lag of 600. Comparisons with sunspot and magnetic data, where applicable, will also be carried out. The seventeenth century power spectrum, shown in Figure  11 , is more complex than that of the previous century. Longerterm peaks, at 20 and 25 years, predominate. The 11.1-year peak now appears. The 12.5-year peak remains as a subsidiary peak. The 9.5-year peak, if present, is hidden by the new 8.3-year peak. Several peaks in the 3-5 year range appear to be as influential as the 11.l-year peak.
This complexity may be due to an aggregation of differing behaviors during the first and last halves of the century. This becomes clear when we consider the spectrum during the In order to provide comparisons of the auroral results with those of sunspots, spectra were run for the same time period, 1800-1948, using monthly data for both sets in order to provide better resolution. Magnetic data are not available in a self-consistent form over this interval, so the available aa indices, 1868-1990, while not directly comparable, were used to provide a long time interval with self-consistent data coveting much of the same interval as was used for auroras and sunspots.
Power spectra for auroras and sunspots in the interval 1800-1948 are shown in Figures 14 and 15a . There is considerable overall consistency between the two spectra, though there are differences in detail. The 11.1-year peak is by far the predominant peak in both spectra. The ratio of the amplitude of this peak to the next highest, at 5.56 years, is, however, about 20 for sunspots and about 4 for the auroral data. The sunspot variation over the years is therefore somewhat smoother than that of aurora, since in the latter the other peaks play a relatively more important role than they do for sunspots. Overall, there is a good deal of consistency between the periods of most of the peaks in the two spectra but a good deal of difference in the relative importance of the various peaks. activity spectrum shows a predominant peak at 11.1 years. The ratio of the amplitude of the 11.l-year peak to that at 5.3 is about 3.5, very similar to that of the auroral spectrum in Figure 14 . Overall, despite the difference in time intervals of the data sets, the magnetic activity spectrum is quite similar to both the auroral and sunspot spectra but is closer to the auroral than to the sunspot spectrum. These results are similar to those typically obtained when a sufficiently long time series is used for these or similar data sets. Focusing on long series, however, tends to obscure some important aspects of behavior, especially those in which differences occur from one interval to the next, as in the there are really two questions involved: (1) whether there are intervals during which solar activity and its proxies, such as auroral or magnetic activity, disappear completely, together with the accompaniments of this activity, such as the quasiperiodic cycles; and (2) whether the characteristics of activity remain, but that there are nevertheless minima, of greater or lesser length, in this activity. The data presented here leave little doubt that some auroral activity, at least, continued during these extended minimal activity periods but that this activity was appreciably less than periods before or after. I argue here therefore for the second possibility but confine myself in this section to the question of activity minima. In a subsequent section the time series behavior of the data will be analyzed and compared for different time intervals. I begin my discussion with the Maunder minimum. As noted earlier, auroral activity in the latter part of the seventeenth century was appreciably lower than in either the century preceding or the century following. Much evidence supports this. Lovering [1867] (but communicated in 1859) gives an extensive discussion of the evidence for diminished auroral activity in support of the thesis of a secular periodicity. I summarize here some of his discussion and add some additional material. In New England, with the possible exception of some observations in 1643, the aurora was first observed in December 1719. Lovering [1867, p. 102] notes that it was unlikely that any conspicuous aurora prior to that date would not have been remarked upon, since
[t]he people of New England were too much inclined to exaggerate every unusual phenomenon in the heavens to have overlooked or been silent in regard to a spectacle so strange as the aurora, had they had the opportunity of beholding one.
In fact, the New England appearance of 1719 filled the country with alarm, and people believed that it was a sign of the second coming, and that the last judgment was about to commence. There was little sleep in New England that night. De Mairan had also noted the comment of Anderson, writing about Iceland, that the older inhabitants were astonished at the frequent appearance of the aurora compared to former times. Zanotti, writing in 1737, commented that the aurora, formerly rare and almost unknown in Italy, had become very frequent. Halley, Leibnitz, Kirch, Fontenelle, and Miraldi all described the auroras of the first half of the eighteenth century as uncommon sights. Cassini, a careful observer, did not note any auroras in the latter half of the seventeenth century. The great weight of contemporaneous evidence throughout Europe, New England, and what were considered the more northerly latitudes of southern Sweden and Iceland all concur in considerably diminished auroral activity during the latter half of the seventeenth century as compared to the first half of the eighteenth century.
Loveting notes that this diminished activity was not universally accepted. Bertholon (eighteenth century) believed that there was only an apparent cessation of activity caused by accidental circumstances, such as the lack of observatories, the scarcity of observers, their lack of experience, their bad geographical position, or their inability to communicate with the public by printed books, or through the transactions of academies. Bertholon, quoting from Fontenelle, also remarked that a man does not often see more than he already knows to exist. Lovering considers that these factors may affect the numbers of auroras observed in ancient and contemporary times but that they do not explain the Conventional and hoary wisdom holds that the sunspot cycle is 11.125 years long, though everyone also knows that the cycle varies considerably in length, from about 8 to 15 years, with some dependence of the length on the manner in which it is determined. This apparent simplicity, however, is deceptive and hides some interesting results. We should not allow our search for simplicity to disguise the real complexity of solar behavior. In this section I discuss the question of the constancy of the sunspot cycle. The standard way of determining the length of the sunspot cycle is to estimate the times of maximum and minimum in some manner, and to then average the differences between maxima or those between minima. This is the method used by Wolf and many subsequent researchers [see, Fritz, 1893] . It is true that this method will give a value of 11.1 years or close to it. Thus, taking the values given by McKinnon [ 1987] for cycle lengths between maxima or between minima, one obtains a value of 11.04 for the average between maxima and 11.08 for the average between minima for all cycles between 1610 and 1976. These differ slightly from the 11.1 years obtained from the power spectra or from the 11.125 years obtained by Wolf from estimates over longer periods. A more interesting result comes from a regression analysis of these data. If one uses the entire set of data, then one finds that the length of the period has been slowly decreasing since 1610, from 11.3 to 10.8 years for the maxima, and from 11.2 to 11.0 years for the minima.
An alternative way of determining the length of the cycle derives from the use of the spectral data. Examination of the spectrum shows that small peaks can be identified at positions near to the harmonics of the 11.l-year cycle, at least down to the twelfth haxmonic, at about 11 months. If we now take the observed maxima in the neighborhood of each harmonic (without worrying about whether it is significant or not), we can plot this position (in months) against 1/N to obtain the value of the cycle. Applying this to the power spectra for the sunspot and auroral data for 1800-1948 and to the magnetic activity index aa for 1868-1990, we obtain, respectively, 11.114 years for the sunspot data, 11.114 years for the auroral data, and 11.072 years for the magnetic data. The lesser value for the magnetic data is consistent with the observed shortening of the cycle over the past centuries.
A more interesting result comes from a closer examination of the set of cycle lengths. Schuster [1906] noted that the periodogram analysis of sunspot data from 1750 to 1825 differed to such an extent from that of 1825-1900 that they might almost have represented two separate phenomena. Schuster's results are shown in Figure 17 . During the period 1750-1825 the 11-year period had only a slight intensity, being overshadowed by two periods of about 133/4, and 9V4 years, while during the period 1825-1900 the 11-year period was clearly predominant. Essentially, the same result was obtained by Currie [1973] for sunspots, using a maximum entropy method, for a somewhat different selection of intervals. He obtained a relatively weak 11.l-year peak, about equal in amplitude to two peaks at 9.5 and 15.4 years, for the period 1749-1853, and a strong 11.l-year peak with [ 1986a] , who, however, used observed and estimated sunspot numbers to derive estimates of magnetic activity and solar wind speeds in the vicinity of solar minimum for a 500-year period. Silverman differed from Layden et al. in using a relationship between sunspot number at maximum and magnetic activity at minimum which incorporated either the sunspot number at minimum or a quadratic term in aa, as opposed to the linear regression used by Layden et al.
The prolonged solar activity minima near or around the tums of the century for the past few hundred years appear to be real. Consideration of the entire 500 years of data clearly brings out the Sptrer, Maunder, Dalton, and 1901-1913 minima. In addition, a previously unrecognized min-imum at about 1765 becomes evident. Furthermore, it appears that the Dalton minimum may be the deepest and most significant minimum over the 500-year interval. The length (in years) of the minima seems to have been shortening over the past few hundred years to the exten• that the upcoming minimum may in fact not occur. These observations in turn imply that the Sun will probably shortly undergo a change in regime. The chaos theory may provide an explanation in that the Sun may be fluctuating between two chaotic regimes.
Special periods need to be looked at in more detail using the maximum variety of measures that may be available. The interval around 1765, with a minimum heretofore unrecognized, need to be examined in more detail. The period around 1879-1880 is another such period, with a strong decline apparent in auroral activity and indicated in the shorter magnetic time series, as well as in the sunspot decomposition carried out by Kopeck,9 (see, for example, among many papers, Kopeck• [1958] ). There may very well be discontinuities occurring in the data. Such discontinuities were proposed by Turner [1913] , based on sunspot observations. Turner noted that none of the Fourier series periodicities were continuous throughout the entire sequence of sunspot numbers and that results which were accurate for a number of years would eventually fail. He detected abrupt discontinuities near the years 1766, 1796, 1838, 1868, and 1895. The first of these corresponds to the activity minimum proposed here as about 1765, the second is at about the beginning of the minimum around the beginning of the nineteenth century, the last precedes by a few years the beginning of the minimum at the beginning of the twentieth century, the third (1838) follows shortly after the end of the minimum. The fourth, in 1868, may be identified as preceding the decline in activity which occurred about 1879, which, in turn, may be identified with a minimum in the number of originated spot groups in Kopeck,9's decomposition.
The activity minima appear also to be related to the smoothness of the interplanetary magnetic field [Suess, 1979; Silverman, 1988] . The structure of this field, in turn, should affect particle injection into the magnetosphere and the latitudes at which auroras take place, as observed by Feynman and Silverman [1980] . These changes can then affect the heating patterns in the upper atmosphere, producing changes in the circulation patterns and thus in local weather patterns.
A global portrait of auroral occurrence must include both mid-latitudes and the polar regions. Low-latitude auroras are rare and occur only for the largest storms. This paper summarizes the longest set of polar auroral data heretofore available. The data confirm the anticorrelation of polar auroras with solar activity, in contrast to mid-latitude behavior. The variation of the secular trend for different locations in the polar regions demonstrates the transition from mid-latitude behavior, to oval behavior, and, finally, to the behavior within the polar cap.
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